The energy-efficient purification of methane from C 2 -hydrocarbons is of great significance for the upgrading of natural gas. So does the capture of carbon dioxide for remission of greenhouse effect. It is well established that some functional sites, such as open metals sites, Lewis basic nitrogen sites and fluorine groups, have shown significantly enhanced affinity toward more polarizable molecules. Thus, a water-stable Eu 3+ -based fcu-metal-organic framework (MOF) (compound 1) with amino functional groups has been successfully constructed through a reticular chemistry approach. As a result, the activated compound 1 exhibits moderately high uptakes of C 2 -hydrocarbons, but a less obvious adsorption of CH 4 at the same conditions. Among them, the adsorption capacity of C 2 H 2 is up to 143.6 cm 3 cm −3 and a relatively high selectivity of C 2 H 2 /CH 4 (107.7) is obtained at near room temperature. Moreover, compound 1 is also validated as an exceptional adsorbent for CO 2 capture, with the fairly high capacity of CO 2 (92.6 cm 3 cm −3 ) and CO 2 /N 2 selectivity (151.7) at ambient conditions. The excellent performance of compound 1 is mainly driven by the exposed amino functional groups within the contracted pores. Such effect thus leads to the achievement of dual-functional platform for methane purification and carbon dioxide capture. Furthermore, compound 1 features a satisfactory water stability, which is confirmed by the powder X-ray diffraction (PXRD) analysis and the retest of porosity after being soaked in water.
INTRODUCTION
Methane (CH 4 ) is the main valuable component of natural gas and perceptibly considered as an alternative to conventional fossil fuels due to its abundance and environment-friendly features [1] [2] [3] [4] . Hence, to obtain highpurity methane from C 2 -hydrocarbon impurities is of great importance for the upgrading of natural gas. Nevertheless, this purification has been mainly accomplished by energy-intensive cryogenic fractionation at present. Besides, the excessive release of CO 2 from the typical power plants results in the worrisome greenhouse effect [5] [6] [7] . However, the conventional alkylamine-containing liquids applied for CO 2 capture are faced with high regeneration cost. Thus, the construction of efficient gas capture and purification system is necessary, especially in energy-efficient ways.
Adsorptive separation based on porous materials is considered as a non-thermal separation. Thus, it is regarded as a suitable alternative to save the tremendous energy of distillation-based separation. Metal-organic frameworks (MOFs) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , a class of promising porous materials, offer promise for gas storage and separation due to their highly versatile nature in pore structure and functionalization [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Some accomplished pore tuning strategies were used to directly increase the pore sizes within MOFs aiming at gas storage at high pressure. Nevertheless, the contracted pore apertures, relative to the enlarged pores, possibly show better performance at gas separation due in part to their potential size sieve effect. Moreover, many studies have been realized that MOFs with functional sites, including open metal sites (OMS) [38] , Lewis basic nitrogen sites [39] and fluorine groups [40] , show enhanced affinity toward more polarizable molecules via thermodynamic selectivity. In fact, many copper-and zinc-based MOFs have indeed shown the benchmark performance at gas separation and purification. However, most of them are hardly deployed under real-world conditions since they undergo hydro-lysis in the presence of moisture [41, 42] .
Herein, we opted to use a 2-connected bridging ligand equipped with amino group, to successfully construct a rare-earth (RE) fcu-MOF material (compound 1) [43, 44] . As a result, the highly-connected fcu topology guarantees the rigidity of framework to a great extent. It is depressing that few RE based MOFs were explored for gas separation and purification, plausibly due to that most of MOFs lack OMS and/or robustly available porosity. Thus, we incorporated amino functional groups on the pore walls of this material, which would selectively enhance the affinity toward polarizable molecules (i.e. C 2 -hydrocarbon and CO 2 ) (Table 1) , thus further improve the gas selectivity. As a result, this activated material exhibits moderately high uptakes of C 2 -hydrocarbon (86. 6- 
EXPERIMENTAL SECTION

Materials and methods
All reagents and solvents were commercially available and used without further purification. Infrared spectrum (IR) was performed on a Thermo Fisher Nicolet iS10 spectrometer using KBr pallets. Thermogravimetric analyses (TGA) were carried out on a Netzsch TG209F3 with a heating rate of 10°C min −1 in N 2 atmosphere. PXRD patterns were collected in the 2θ = 5°-60°range on an X'Pert PRO diffractometer with Cu Kα (λ = 1.542 Å) radiation at room temperature. The morphology was investigated using a field-emission scanning electron microscopy (FE-SEM, Hitachi S4800). Crystallographic measurements were taken on an Oxford Xcalibur Gemini Ultra diffractometer equipped with an Atlas detector using graphite-monochromatic Mo Kα radiation (λ = 0.71073 Å) at 293 K.
Synthesis of Eu 3+ -based fcu-MOF (compound 1)
A mixture of the organic linker 2-aminoterephthalic acid (H 2 BDC-NH 2 , 131. 
Gas sorption measurements
The gas sorption isotherms were measured by the Micromeritics ASAP 2020 surface area analyzer. In order to remove all the guest solvents from compound 1, the fresh sample was guest-exchanged with dry acetone at least 10 times, filtered and degassed at 298 K for 1 day and 373 K for 10 h successively under high vacuum until the outgas rate was 5 μmHg min −1 to yield the activated material for further gas sorption studies. The sorption measurement was maintained at 77 K with liquid nitrogen. An icewater bath and water bath were used for adsorption isotherms at 273 and 298 K, respectively.
RESULTS AND DISCUSSION
Reactions of Eu(NO 3 ) 3 ·6H 2 O with the organic linker, H 2 BDC-NH 2 ( Fig. S1 ), in the solvothermal condition successfully yielded transparent polyhedral crystals Eu- BDC-NH 2 (compound 1). The morphology of the synthesized material was characterized comprehensively by optical microscopy and FE-SEM. As illustrated in Fig. 1 , it displays a homogeneous polyhedral morphology with a particle size of around 50 µm. The phase purity of the bulk material was further confirmed by PXRD analyses (Fig. S2) . The crystal structure reveals that compound 1 crystallizes in Fm3m space group as depicted in Fig. 2 (Fig. 2a) . Accordingly, the carbon atoms of the coordinated carboxylates act as points of extension, which further coordinate the carboxylate ligands and MBBs to form a 3D framework (Fig. 2b) . The resultant compound 1 features a rigid fcu topology that is isostructural to the net in the NDC-fcu-MOF [43] . The structure in compound 1 encloses two distinct cages of octahedral and tetrahedral cages. Correspondingly, the average sizes are estimated to be 4.0 and 7.8 Å for octahedral and tetrahedral cages, respectively. Most importantly, extensive amino groups expose on the pore wall within the framework, rendering it bright potential for small molecule separation and purification. We further characterized its permanent porosity. After the sufficient acetone-exchange, the crystal sample was evacuated at 298 K for 1 day and 373 K for 10 h successively to yield the activated material. It is noteworthy that the structure of compound 1 after activation still holds the pristine topology, as determined by PXRD analysis (Fig. S2) . Permanent porosity studies of activated 1 were performed by nitrogen sorption studies at 77 K. The corresponding isotherms (Fig. 3) show a classical Type-I sorption behavior with a saturation uptake of 9.13 mmol g −1 and a pore volume of 0.32 cm 3 g −1
. Thus, the corresponding Brunauer-Emmett-Teller (BET) surface area was estimated to be 605.8 m 2 g −1 . Moreover, the distribution of pore aperture was dominantly focused on 4.1 and 7.3 Å, basically consistent with the theoretical results from the crystal structure. Particularly, an exceptional water stability of compound 1 was determined via Figure 1 The optical microscopy image (a) and FE-SEM image of compound 1 (b), displaying the homogeneous polyhedral morphology with a particle size of around 50 µm. the PXRD analysis and the retest of porosity after soaking it in deionized water for 2 days (Figs S2 and S3). In other words, compound 1 is stable enough to maintain its structural integrity from water/moisture attack under real-world conditions. Further, the thermogravimetric analysis of compound 1 indicates that its framework could be thermally stable up to 350°C, featuring its highly thermal stability (Fig. S4) . Inspired by the extensive amino groups within the contracted pores and water stability of compound 1, we further investigated it for gas adsorption and separation at low pressure. Thus, the adsorption tests of C 2 hydrocarbons (i.e., C 2 H 2 , C 2 H 4 , and C 2 H 6 ) and CH 4 were carried out at 298 and 273 K, respectively (Fig. 4) . The C 2 hydrocarbon adsorption isothermals especially for C 2 H 2 isothermal, are much steeper than the corresponding isothermal of CH 4 , indicating relatively stronger affinity of the framework toward C 2 over CH 4 . Moreover, the gas uptake capacities at atmospheric pressure ( [46] and FJI-H8 (224 cm 3 g −1 ) [47] . However, it is significantly higher than other promising materials, such as M'MOF-20a (21 cm 3 g −1 ) [48] , UTSA-72a (27.8 cm 3 g −1 )
[49], UTSA-15a (34 cm 3 g −1 ) [50] and ZJU-30 (52.6 cm 3 g −1 ) [51] . Especially, the adsorption capacity of C 2 H 2 can be further improved to 143.6 cm 3 cm −3 when the temperature reduces to 273 K (Fig. 4a) . Such distinctive adsorption performance of compound 1 is mainly attributed to the enhanced affinity between the extensive amino groups on the pore wall and the C 2 hydrocarbons. In light of the aforementioned results, we envisioned that such feature of compound 1 should be available for other separation. Thus, we further explored the separation of other small molecules, including the capture of CO 2 over N 2 . As expected, almost no uptake for N 2 gas was observed at both 273 and 298 K. Conversely, it selectively captured CO 2 molecule up to 126.4 cm 3 cm −3 and 92.6 cm 3 cm −3 at 273 and 298 K, respectively (Fig. 4c, d ).
Such exceptional features of compound 1 lead to the achievement of dual-functional platform in methane purification and CO 2 capture. We further utilized the recognized ideal adsorbed solution theory (IAST) to calculate the equilibrium selectivity for C 2 /CH 4 (50/50, v/v) and CO 2 /N 2 (20/80, v/v) mixtures. The results of IAST calculations for C 2 /CH 4 and CO 2 /N 2 at 273 and 298 K are expressed in Fig. 5 and Table 2 . Compound 1 exhibits a relatively high selectivity for C 2 /CH 4 both at 273 and 298 K (Fig. 5a, b) . Especially, the selectivity value of C 2 H 2 over CH 4 is high up to 33.4 at Such excellent performance reveals the bright promise of compound 1 for small molecule separation and purification. The aforementioned results were further confirmed by the isosteric heat of adsorption (Q st ) which was calculated via the experimental adsorption data, as illustrated in Fig. 5d . As anticipated, all the Q st values of C 2 gases were found to be over 30.0 kJ mol −1 while only 16.1 kJ mol −1 was observed for CH 4 . Interestingly, the isosteric heat of C 2 adsorption does not decrease as gas loading increases. Thus, it indicates the homogenous binding affinity toward C 2 hydrocarbons within the whole range of gas loading. Meanwhile, the isosteric heat value of CO 2 (18.3 kJ mol −1 ) is higher than the corresponding value of N 2 (12.9 kJ mol −1 ), further confirming its much stronger affinity of framework toward more polarizable molecules.
CONCLUSIONS
In summary, we herein reported a water-stable Eu 3+ -based fcu-MOF material (compound 1) with exposed amino groups for multi-functional separation of small molecules. The foregoing results of compound 1 permit the achievement of dual-functional platform for methane purification and CO 2 capture. The adsorbent affords not only the effective separation of C 2 hydrocarbon from CH 4 ) and CO 2 /N 2 selectivity (151.7) at ambient conditions. The excellent water stability further makes this fcu-MOF material as a particularly potential candidate for natural gas upgrading and CO 2 capture.
